ABSTRACT
To support policy makers combating travel-related externalities, quality data is required for the design and management of transportation systems and policies. To this end, large amounts of money have been spent on collecting household and person-based data. The main objective of this paper is to assess the quality of origin-destination matrices derived from household activity/travel surveys. To this purpose, a Monte Carlo experiment is set up to estimate the precision of OD-matrices given different sampling rates. The Belgian 2001 census data, containing work/school-related travel information for all 10,296,350 residents, are used for the experiment. For different sampling rates, 2000 random stratified samples are drawn. For each sample, three origin-destination-matrices are composed: one at municipality level, one at district level, and one at provincial level. The correspondence between the samples and the population is assessed by using the Mean Absolute Percentage Error (MAPE) and a censored version of the MAPE (MCAPE). The results show that no accurate OD-matrices can be directly derived from these surveys. Only when half of the population is queried, an acceptable OD-matrix is obtained at provincial level. Therefore, it is recommended to use additional information to better grasp the behavioral realism underlying destination choices and to collect information about particular origin-destination pairs by means of vehicle intercept surveys. In addition, the results suggest using the MCAPE next to traditional criteria to examine dissimilarities between different ODmatrices. An important avenue for further research is the investigation of the effect of sampling proportions on travel demand model outcomes.
BACKGROUND
In the modern cosmopolite society, travel is a cornerstone for human development, both for personal and commercial reasons: travel is not only regarded as one of the boosting forces behind economic growth, but is also seen as a social need providing people the opportunity for self-fulfillment and relaxation. As a result of the continuous evolution of modern society (e.g. urban sprawl, increasing female participation in labor, decline in traditional household structures), transportation challenges have accrued and have become more complex (1). Consequently, combating environmental (e.g. greenhouse-emissions such as CO 2 , methane, NOx; noise, odor annoyance and acid precipitation), economic (e.g. use of nonrenewable energy sources; and time lost due to congestion) and societal (e.g. health problems such as cardiovascular and respiratory diseases; traffic casualties; community severance and loss of community space) repercussions is a tremendous task (2).
To support policy makers in addressing these externalities, quality data are required for the design and management of transportation systems and policies (3). To this end, during the last four decades, large amounts of money have been spent on collecting household and personbased data. For most metropolitan areas, the largest part of planning budgets (an estimated $7.4 million per year) was devoted to the conduct of household and person travel surveys (4). The data collected by these surveys are used for a wide variety of applications, including traffic forecasting, transportation planning and policy, and system monitoring (3).
The main objective of this paper is to assess the quality of origin-destination matrices derived from travel surveys. Mark that origin-destination matrices are core components in both traditional four-step and modern activity-based travel demand models. A sample size experiment is set up to estimate the precision of the OD-matrices given different sampling rates. Thus, an assessment of the appropriateness of travel surveys for deriving origin-destination relations can be made. Note that different types of travel surveys exist: Cambridge Systematics (5) distinguished seven different commonly used types of surveys (household activity/travel surveys; vehicle intercept and external surveys; transit onboard surveys; commercial vehicle surveys; workplace and establishment surveys; hotel/visitor surveys; and parking surveys). Each of these survey types provides a unique perspective for input into travel demand models. In this paper, the term 'travel survey' is confined to the first category, namely the household activity/travel surveys.
In a household activity/travel survey, respondents are queried about their household characteristics, the personal characteristics of the members of the household, and about recent activity/travel experiences of some or all household members. For most regions, household activity/travel surveys remain the best source of trip generation and distribution data, and therefore, are an important building block for travel demand models. In addition to model building purposes, these surveys are also used to poll specific target populations (such as transit users and non-users), to assess the potential demand and level of public support for major infrastructural projects, and to create a deeper understanding of travel behavior in the region (5). For a more elaborate discussion concerning travel surveys the reader is referred to (3,5,6). Recent trends in household travel surveys are discussed by Stopher and Greaves (7) .
The remainder of this paper is organized as follows. Section 2 provides an extended discussion on the set-up of the sample size experiment. The relationship between sampling rates and the precision of a general statistic (i.e. the proportion of the commuting population) is highlighted in the first part of Section 3. The second part of Section 3 provides the results and corresponding discussion of the statistical analysis of the main sample size experiment. Finally, some general conclusions will be formulated and avenues for further research indicated.
SET-UP OF THE SAMPLE SIZE EXPERIMENT
As mentioned in the introduction, the main goal of this paper is the assessment of the quality of origin-destination matrices derived from household activity/travel surveys and, consequently, providing an answer to the question of how large a sample size should be to provide accurate OD-information in a region. To this end a Monte Carlo experiment is set up to estimate the precision of the OD-matrices given different sampling rates. A Monte Carlo experiment involves the use of random sampling techniques and computer simulation to obtain approximate solutions to mathematical problems. It involves repeating a simulation process, using in each simulation a particular set of values of random variables generated in accordance with their corresponding probability distribution functions (8) . A Monte Carlo experiment is a viable approach for obtaining information about the sampling distribution of a statistic (in this study the precision of an origin-destination matrix) of which a theoretical sampling distribution may not be available due to the complexity. Monte Carlo simulation is generally suitable for addressing questions related to sampling distribution, especially when a) the theoretical assumptions of the statistical theory are violated; b) the theory about the statistic of interest is weak; or c) no theory exists about the statistic of interest (9) . The latter is the case in this study (i.e. the precision of ODmatrices given different sampling rates).
The Monte Carlo experiment reported in this paper focuses on commuting (i.e. work and school related) trips made in Belgium. The 2001 census data will be used for the experiment. In particular, the census queried information about the departure and arrival times and locations of work/school trips (when applicable) for all 10,296,350 residents. For different sampling rates, ranging from one (the full population) to a millionth, 2,000 random stratified samples were drawn (2,000 for each sampling rate). Note that this number of samples is common in transportation oriented simulation experiments (e.g. 10, 11) . To ensure that the persons in the samples were geographically distributed in the country, the sample was stratified by geographical area: three nested stratification levels were taken into account, namely province, district and municipality. The sample was proportionately allocated to the strata. In other words, the sample in each stratum was selected with the same probabilities of selection (12) .
For each sample, the proportion of persons making commuting trips was calculated, and three corresponding (morning commute) origin-destination-matrices (OD-matrices) were composed: one OD-matrix on municipality level (589 by 589 matrix), one OD-matrix on district level (43 by 43 matrix), and one on provincial level (11 by 11 matrix). A side-note has to be made for the latter OD-matrix: actually there are only 10 provinces in Belgium, but the Brussels metropolitan capital area (accounting for about 1/10 of the entire population) was treated as a separate province. The correspondence of the sample proportion and sample OD-matrices with the population (census) proportion and OD-matrices was then tabulated.
The correspondence between the sample and the population is assessed by using the Mean Absolute Percentage Error (MAPE) and an accommodated version of the MAPE. The MAPE is the mean of the Absolute Percentage Errors (APE) and is calculated by: Although this modification accommodates the above described problem, it treats large positive and negative errors very differently (15) . Therefore, in this paper, a new modification of the MAPE is proposed, named the Mean Censored Absolute Percentage Error (MCAPE). This new statistic takes into account the above described comments by limiting the positive values to a maximum of 100. Mathematically, the MCAPE is given by the following formula:
CAPE N , where min 100, 100
When A ij in the above formulae would be equal to zero, the different criteria would be undefined. This has been remedied by equalizing the APE ij , MDAPE ij and CAPE ij to zero in these occasions. After all, when the true population count equals zero (no person in the full population corresponds to the considered origin-destination pair) the up-scaled sample count also equals zero, and thus the true zero is correctly estimated.
The correspondence between the sample proportion (p) of persons making commuting trips and population proportion ( ) is calculated by simply calculating the Absolute Percentage Error (APE):
No accommodation of this APE was required, as the population proportion ( ) was equal to 62.59 percent, and consequentially the APE could not exceed 100. To recapitulate, for each sampling rate, 2000 MAPE values and MCAPE values are calculated for the OD-matrix on municipality level, for the OD-matrix on district level, and for the OD-matrix on province level. In addition 2000 APE values are computed for the commuting proportion. For each of these sets of 2000 values, the 2.5 th percentile, the 5 th percentile, the 95 th percentile and the 97.5 th percentile was calculated. The k th percentile is that value x such that the probability that an observation drawn at random from the population is smaller than x, equals k percent (16). The 2.5 th percentile and 97.5 th percentile are used to construct the 95% percentile interval which will be illustrated graphically as lower and upper bounds for the median. The 5 th percentile and 95 th percentile will be displayed in the corresponding tables because one is most often only interested in the one-sided alternative. In addition, the median (the 50 th percentile) and the arithmetic mean are also computed.
To guarantee that the Monte Carlo experiment is really estimating the precision of the OD-matrices in function of different sample rates, rather than in function of other (unobserved) effects, one could take a look at the different sources of errors and biases in surveys. Groves (17) distinguished different sources of inaccuracy in surveys, of which an overview is given in Figure 1 . Since in this experiment the true population values are known, and samples are drawn under ideal circumstances (no response bias, no selection bias, no observation errors, no non-response and perfect coverage), the resulting variations in the experiment are only a consequence of the sampling variance (indicated with a gray box, framed with a tick black line in Figure 1 ). Thus, as intended, the relationship between different sample sizes and the precision/accuracy (sample variance) of the quantities under study are investigated.
RESULTS

Proportion of the Commuting Population
Before elaborating on the quality of OD-matrices in the second part of this Section, in this first part, an assessment of the appropriateness of travel surveys for deriving traditional indices, such as the mean number of trips made or the mean number of activities performed by individuals/households, or the proportion of the population making work/school-related trips, the latter being subject of the Monte Carlo experiment, is made. For traditional indices such as the mean number of trips made / activities performed by individuals/households, classical sample size calculations can be used to determine optimal sample sizes. Cools et al. (18) , for instance, calculated the required number of households for a household activity survey using the following formula:
where n equals the sample size, p the sample (survey) proportion, md the maximal deviation and z the z-value of the desired confidence interval. For the 'safest' case (i.e. p = 0.5), a maximal deviation of 2% and a confidence level of 95% would require a minimum of at least 2,401 households. This example illustrates that for aggregate indices, such as the proportion of the commuting population, a clear theory exists and Monte Carlo simulation is not per se required. Notwithstanding, an investigation of the relationship between sampling rates and precision (sample variance) is still valuable, and especially contributes to the literature when the focus is turned to the different percentiles that are examined.
Results from the Monte Carlo experiment for the proportion of commuters in the population are graphically displayed in Figure 2 and numerically represented in Table 1 . Figure 2 shows a clear relationship between the Absolute Percentage Error (APE) and the sampling proportion. As expected, the additional improvement in precision decreases as the sampling rate increases: for instance the increase in precision (decrease in APE) from a sampling rate of one millionth (base-10 logarithm of the sampling proportion equals minus 6) to one hundred-thousandth (base-10 logarithm equals minus 5) is considerably larger than the increase in precision from a sampling rate of one thousand to one hundred. This is especially so for the upper bound of the 95% percentile interval (97.5 th percentile). The results also show that when the full population is sampled, an absolute precision is obtained (absence of all variation). By definition this result should be obtained. When an average deviation of 5 percent is considered acceptable, a sample rate between 1 and 2 hundredthousandth is required (5 percent lies between the mean values 4.293 and 6.083). On the other hand, from the median value one could conclude that in 50% of the cases the maximal deviation (APE) is smaller than 5.192 percent. A more cautions approach entails the use of the 95 th percentiles. Suppose that only 5% of the cases the APE was allowed to exceed 2, then a sampling rate of about 5 ten-thousandth would be required, which roughly corresponds to sampling 5000 persons.
Precision of Origin-Destination Matrices
In this part of the result section, an assessment of the appropriateness of household activity/travel surveys for deriving OD-matrices is made. Recall that a Monte Carlo simulation is particularly suitable for addressing the questions concerning the distribution of the precision of these OD-matrices, as no real theoretical background of this distribution exists. First, attention will be paid to OD-matrices at municipality level. Afterwards, the focus is laid on OD-matrices at district and provincial level.
OD-Matrices at Municipality Level
Before expanding on the results of the Monte Carlo experiment, it is important to mention that the true OD-matrix (OD-matrix composed from the full population) is a very large and sparse matrix: of the 346,921 origin-destination pairs (589 times 589), 77.8% are zero-cells. As zerocells in the full population are by definition correctly predicted by taking a sample from this population, the actual overall precision is significantly boosted by the sparseness of the true ODmatrix. Therefore, the decision was made to present the results based on the 76,882 non-zerocells. To derive the values that include the zero-cells, one only needs to divide the MAPE and MCAPE values by 4.512 (= all cells / (all cells -zero-cells)).
Inspection of Table 2 immediately reveals that no accurate OD-matrices are obtained at municipality level, even if zero-cells are taken into account: a survey that would query half of the population still would have an average absolute percentage error of 11.99 percent when zerocells are included and correspondingly of 54.11 % when only the actual predictions (non-zerocells) are taken into account. This clearly indicates that the direct derivation of origin-destination matrices from household activity/travel surveys should be avoided. Notwithstanding, origindestination matrices derived from household activity/travel surveys are very valuable: even a simple gravity model with the inverse squared distance as deterrence function, taking into account the productions and attractions derived from the surveys, already results in a clear improvement of the OD-matrices. This is certainly a plea for travel demand models that incorporate the behavioral underpinnings of destination choices (activity location choices) given a certain origin, like for instance models that make use of space-time prisms, e.g. (19) , and models that combine data from different sources, such as data integration tools, e.g. (20). In addition, OD-matrices derived from travel surveys form a good basis for OD-matrices derived from traffic counts: as multiple OD-matrices can be derived from the same set of traffic counts, OD-matrices derived from travel surveys provide a good basis for constraining the matrices derived from traffic counts (21). A thorough look at Table 2 also reveals that when half the population is sampled, the values for the MAPE and MCAPE are the same. This can be explained by the fact that when using half of the population none of the 2000 samples has a MAPE higher than 1.
When the general tendency of the precision of the OD-matrices derived from travel surveys is discussed, Figures 3 and 4 provide a clear insight in the relationship between the precision and the sampling rate. From Figure 3 one can clearly see that the median MAPE first increases when samples are becoming larger, and then starts to decrease. The increase in median MAPE for the smallest sampling rates can be accounted for by the fact that on average more cells are seriously overestimated, whereas the maximum underestimations are bounded by 100%. This effect is filtered out by using the MCAPE, as can be seen from Figure 4 ; a clear decreasing relationship is visible here. Next to the difference in relationships between the MAPE and MCAPE, one could also observe a clear difference between the percentile interval for the MAPE and the percentile interval for the MCAPE. By condensing the APE to a maximum of one (i.e. the CAPE), almost all variability around the median value is filtered out: the 2.5 th and 97.5 th percentiles almost coincide with the median values in case of the MCAPE. When this decreasing pattern of the MCAPE (Figure 4 ) is compared to the one of the proportions (Figure 2) , a clear contrast in the tendency can be seen: while the pattern for proportion is a convex decreasing function, for the OD-matrices this is a concave decreasing function. This difference in pattern, as well as the difference in precision, can be explained by the fact that proportions are aggregate indices, and that surveys are extremely suitable for capturing these aggregate figures, while in OD-matrices all individual information is used.
OD-Matrices at District Level
Similar to the true OD-matrix at municipality level, the true OD-matrix at district level (43 by 43) comprises a non-negligible amount of zero-cells. Nonetheless, the number of non-zero-cells is considerably smaller: 10.4% of the 1,849 origin-destination pairs are zero-cells. Recall that zero-cells in the full population are by definition correctly predicted by taking a sample from this population. Therefore, similar to the previous paragraph, the results are based on the 1,657 nonzero-cells. The values that include the zero-cells can be calculated by dividing the MAPE and MCAPE values by 1.116.
A thorough look at Table 3 shows that also at district level no accurate OD-matrices can be derived. Even if zero-cells are included in the calculations, surveying half of the population would result in an average absolute percentage error of 22.25 percent (24.832 divided by 1.116). When compared to the results of OD-matrices derived at municipality level, the results including the zero-cells are worse at district level than at municipality level (an average MAPE of 22.25 percent versus one of 11.99 percent). This is due to the fact that at municipality level a much larger share (77.8 percent versus 10.4 percent) of zero-cells is automatically correctly predicted. In contrast, when the results of only the non-zero-cells are compared, the precision of the ODmatrices derived at district level is higher than the precision of the OD-matrices derived at municipality level. This result confirms that predictions on a more aggregate level are more precise.
A visual representation of the relationship between the precision of the OD-matrices derived at district level and the sampling rate is provided in Figures 5 and 6 . Inspection of Figure  5 reveals a pattern very similar to the one observed in Figure 3 : the MAPE first increases when samples are becoming larger, and then starts to decrease. Recall that the increase in median MAPE for the smallest sampling rates can be accounted for by the fact that more cells are seriously overestimated on average, while the maximum underestimations are bounded by 100%. By analogy with the results at municipality level, this effect is filtered out by using the MCAPE, as could be noticed from Figure 6 . Moreover, the relationship between the MCAPE and sampling proportion is a concave decreasing function, similar to the relationship between the MCAPE and sampling rate at municipality level.
OD-Matrices at Provincial Level
In contrast to the true OD-matrices at municipality and district level, the true OD-matrix at provincial level (11 by 11) only comprises non-zero-cells. Examination of Table 4 reveals that at provincial level, barely any accurate OD-matrices can be derived. Nonetheless, in contrast to the results at municipality and district level, for the largest sample sizes acceptable results are obtained: sampling half of the population would result in an average absolute percentage error of 3.4 percent, and surveying one fifth of the population results in an average absolute percentage error of 7.4%. Results from Table 4 , also confirm that predictions related with a more aggregate level are more precise. Notwithstanding, results at provincial level confirm the finding unraveled at the lower levels (municipality and district) that the direct derivation of origin-destination matrices from household activity/travel surveys should be avoided.
The visualization of the relationship between the precision of the OD-matrices derived at provincial level and the sampling proportion is shown in Figures 7 and 8 . Analogous to the relationships between the sample rate and the precision of the OD-matrices at municipality and district level, the MAPE first increases when samples are becoming larger, and then starts to decrease ( Figure 7) . Again, the use of the MCAPE filters out this effect. In contrast to the results at municipality and district level, the relationship between the precision and the MCAPE reveals an s-shaped decreasing function: for the smallest sampling rates the relationship is concavely decreasing, similar to the OD-matrices at municipality and district level; but for the larger sampling rates the relationship is a convex decreasing function. Moreover, the 95 percentile interval is much wider than for the OD-matrices at less aggregated levels. The most important reasons for this are the degree of sparseness and size of the matrix: for the less aggregate levels (municipality and district level), a lot of the variability of the precision is taken away by the large amounts of (zero-)cells.
CONCLUSIONS
In this paper, an assessment of the quality of origin-destination matrices derived from household activity/travel surveys was made. The results showed that no accurate OD-matrices can be directly derived from these surveys. Only when half of the population is queried, an acceptable OD-matrix is obtained at provincial level. Therefore, it is recommended to use additional information to better grasp the behavioral realism underlying destination choices. This is certainly a plea for travel demand models that incorporate the behavioral underpinnings of destination choices (activity location choices) given a certain origin. Moreover, matrix calibration techniques could seriously improve the quality of the matrices derived from these household activity/travel surveys. In addition, it is recommended to collect information about particular origin-destination pairs by means of vehicle intercept surveys rather than household activity/travel surveys, as these vehicle intercept surveys are tailored for collecting specific origin-destination data. Mark that the results presented in this paper do not negate the value of travel surveys as was shown in the example of deriving the commuting population, but indicate that sophistication is needed in the manner in which the data are employed.
A second important finding in this paper is that traditional methods to assess the comparability of two origin-destination matrices could be enhanced: the MCAPE index that was proposed has clear advantages over the traditional indices. The most important advantage being the fact that the MCAPE filters out the noise created by the asymmetry of the traditional criteria. Therefore, when dissimilarities between different OD-matrices are investigated, the use of the MCAPE index next to traditional criteria is highly recommended.
An important avenue for further research is the investigation of the relationship between the variability in the outcomes of travel demand models and underlying survey data. Triangulation of both travel demand modeling and small area estimation models could prove to a pathway for success. An empirical investigation of the effect of sampling proportions in household activity/travel surveys on final model outcomes would further illuminate the quest for optimal sample sizes. A thorough examination of the minimum required sampling rate of a household travel survey such that trip distribution models (e.g. a gravity model) could help fill in the full trip table certainly is an important step in further analyses. Model complexity and computability will certainly be key challenges in this pursuit.
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